We used dextran sulfate (DS) to evaluate barrier charge selectivity in 11 nonproteinuric subjects and in 11 patients with the nephrotic syndrome due to either membranous nephropathy or minimal change nephropathy. The 3H-DS preparation spanned a molecular radius interval of 10-24A and exhibited size-dependent protein binding in vitro. Urine and ultrafiltrates of plasma were separated by size into narrow fractions using gel permeation chromatography. The sieving coefficient (0) for ultrafilterable DS of 15A radius averaged 0.68±0.03 in nonproteinuric vs. 0.95±0.05 in nephrotic subjects (P < 0.001). Uncharged dextrans of broad size distribution were used to evaluate barrier size-selectivity in separate groups of nonproteinuric subjects (n = 19) and nephrotic patients with either minimal change (n = 20) or membranous nephropathy (n = 27). The value of 0 for an uncharged dextran of similarly small radius (-18A) was significantly larger than that observed for DS in nonproteinuric subjects, but was similar in nephrotic individuals. Further, impaired barrier size-selectivity, as assessed by the sieving profile for uncharged dextrans (18-60A radius), failed to account fully for the observed level of albuminuria in almost half of the patients with either minimal change (9/20) or membranous nephropathy (12/27). Together these findings suggest that the human glomerular capillary wall normally provides an electrostatic barrier to filtration of negatively charged macromolecules such as albumin, and that impairment of this electrostatic barrier contributes to the magnitude of albuminuria in the nephrotic syndrome. (J. Clin. Invest. 1993. 
Introduction
The Bowman's space fluid-to-plasma concentration ratio, or sieving coefficient (0), of a macromolecule of known radius and charge density provides the most direct measure of the intrinsic barrier properties of the glomerular capillary wall (GCW) .' Provided that a filtered macromolecule is neither fate; PAH, para-aminohippurate. reabsorbed nor secreted by the tubule, dividing its urinary clearance by that offreely filtered inulin corrects for water reabsorption along the nephron, and the quotient yields the value for 0 (1). Because endogenous proteins undergo a variable rate of tubular reabsorption, they cannot be used to elucidate the barrier properties of the GCW (2, 3) . Instead, investigators have employed a variety of nonreabsorbable exogenous polymers for this purpose (4) (5) (6) .
The substance most widely used to characterize the size selective properties of the human GCW is dextran 40, an uncharged and polydisperse polymer ofglucopyranose. It is composed of component molecules, which vary between 18 and 70A in radius. A consistent finding in nephrotic subjects with a variety of underlying glomerular diseases has been a selective elevation above normal values of 0 for large, nearly impermeant dextrans of > 50A in radius (7) (8) (9) (10) (11) (12) (13) (14) . With the use of pore theory this finding has been interpreted to indicate that the GCW is perforated by two parallel populations of pores, which vary widely in radius. Pores of relatively low radius (-50A) dominate the GCW and are inferred to restrict the passage ofplasma proteins the size ofalbumin and larger. Pores oflarge radius are relatively few in number but are inferred not to discriminate among macromolecules ofup to 60A in radius, behaving in effect as a shunt pathway ( 15 ) . Immunoglobulin G (IgG), a large protein of55A in radius, has been estimated to permeate the shunt-like pores at a rate sufficient to explain fully the observed level of immunoglobulinuria in nephrotic subjects (7, 9, 1 1 ). However, the corresponding rate for transmembrane shunting ofalbumin does not always account completely for the observed magnitude ofthe urinary excretion rate of this relatively small (radius = 36A) but strongly anionic protein (9, 1 1 ) .
This finding raises the possibility that the smaller, restrictive pores ofthe GCW might normally hinder passage of albumin on the basis of its charge as well as its size (5, 16) . According to this hypothesis, an abundance ofnegatively charged sites within the GCW could retard albumin electrostatically, preventing it from gaining access to the smaller, restrictive pores that dominate the GCW. Depletion ofthese negatively charged sites consequent upon glomerular injury could impair the electrostatic retardation of albumin, permitting it to pass through the predominant smaller pores as well as those which are enlarged and shuntlike, thereby accounting for the phenomenon of nephrotic-range proteinuria. Support for this hypothesis comes from the demonstration that the GCW ofthe healthy rat restricts the passage ofanionic dextran sulfate (DS) more than that ofan uncharged dextran ofequivalent size. In contrast, the GCW of the proteinuric rat cannot discriminate among dextran molecules on the basis oftheir charge (5, 17) . To elucidate whether this is true also ofthe human GCW we have estimated the 0 for both anionic and uncharged dextrans of discrete radius in subjects with either normal or nephrotic levels of proteinuria.
Methods
Patient population. We studied barrier charge selectivity toward DS in 14 patients who were attending our clinic because of the development of a nephrotic syndrome due to biopsy-proven minimal change or membranous nephropathy. We selected patients with the latter two disorders for study because the morphology of all glomeruli in their biopsy cores was uniformly altered, suggesting a generalized glomerular injury. They were aged between 20 and 73 yr and eight were male. Eleven was infused as a bolus along with inulin (50 mg/kg) and para-aminohippurate (PAH, 12 mg/kg). Dextran 40, inulin, and PAH (but not 3H-DS) were then infused continuously to maintain the plasma concentration of each marker constant. After a 60-min equilibration period, four carefully timed 30-min urine collections were made along with bracketing samples of plasma. The average urinary clearance of inulin was equated with the GFR. The corresponding clearance of PAH divided by an estimate of its renal arteriovenous extraction ratio was used to derive the rate of renal plasma flow ( 18) . An additional determinant of GFR, the oncotic pressure of plasma, was determined by membrane osmometry.
The 0 for uncharged dextrans in the parallel study was determined after separation of dextran molecules in urine and deproteinized plasma of the first collection period into narrow 2A fractions over the 18-60A molecular radius interval. This was accomplished by gel permeation chromatography (GPC), using Ultragel ACA 44 (LKB, Inc., Pleasant Hill, CA). The 0 for each discrete fraction was derived by dividing its urine-to-plasma concentration ratio by that of inulin. An autoanalyzer technique which has been described elsewhere was used to assay inulin, PAH, and dextran concentrations (7) (8) (9) (10) ). An enzymelinked immunosorbent assay was used to determine the simultaneous clearances of endogenous IgG and albumin (7) (8) (9) (10) . The dextran sulfate used in both clearance and various in vitro studies was tritiated, and its specific activity in all biological and artificial fluids was determined by scintillation counting. Samples were mixed 1:10 parts with Cytoscint-ES scintillation fluid (ICN Biomedicals, Irvine, CA) and counted for 10 min on a model LS-9000 scintillation counter (Beckman Instruments, Inc., Fullerton, CA).
Physicochemical properties ofdextran sulfate. We selected DS as a probe of the filtration barrier because it has been shown to be neither reabsorbed nor secreted by the tubule (5 to include its use in the present study as a probe of the glomerular charge-selective barrier in humans. Based on the pharmacokinetic properties of the preparation, we calculated that a dose in the toxic range would have to be infused to achieve steady-state plasma concentrations within the range assayable by anthrone or refractive index (19) . We accordingly obtained permission from our Institutional Review Board to label the preparation with tritium and administer a tracer dose of 100 PCi.
The tritiation was performed by the Research Products Division of New England Nuclear Corp. (Boston, MA). DS ( 1,000 mg) was dissolved in 3 ml ofwater. Using 150 mg of 5% Rh/A1203 as a catalyst, 30 Ci of tritium gas was added to the solution and the reaction stirred for 48 h at room temperature. We then passed 1 mCi of the final preparation over desalting columns (Econo-Pac 10 DG, Bio-Rad Laboratories, Hercules, CA) to remove free tritium, which accounted for 70% of the radioactivity.
We determined the molecular radius distribution ofthe final 3H-DS preparation using GPC over an 82-cm-long column with an internal diameter of 5 cm. The column bed was Sephadex G75 (Pharmacia Fine Chemicals, Uppsala, Sweden) which we calibrated with four narrow fractions ofdextran ofknown radius provided by Pharmacia. A 0.3% solution of sodium chloride was used as the eluent. The 3H-DS exhibited a Gaussian distribution of radii ranging from 10 to 24A with a peak radius at 16A (Fig. 1) . The same GPC technique revealed our inulin preparation (Isotex Ltd., Austin, TX) to have an essentially identical distribution of radii (Fig. 1) . The sulfate content of the dextran sulfate preparation was estimated to be 13.5% by Galbraith Laboratories, Inc. (Knoxville, TN), indicating it to be strongly anionic.
Adsorbent columns containing dextran sulfate have recently been shown by Knisel et al. (20) to remove a variety of serum proteins during the extracorporeal circulation of human plasma. To estimate the extent of protein binding by DS we performed in vitro experiments using both equilibrium dialysis (Spectrum Medical Industries, Los Angeles, CA) and a stirred cell ultrafiltration apparatus (Amicon Corp., Beverly, MA). A membrane with a 50 kD molecular weight cutoffwas employed in both systems. All experiments were performed at room temperature using a stir bar to achieve continuous rotation ofthe sample in order to avoid concentration polarization.
Two equilibrium dialysis experiments were performed. In the first 1 ml of Krebs buffer was added to the chambers on each side of the membrane. In the second experiment 1 ml of Krebs buffer was added to one chamber and 1 ml of normal human serum to the other. Tracer amounts of 3H-DS, calculated to result in a final concentration similar to that observed in serum in vivo, was added to Krebs buffer in one chamber in the first experiment, and to serum in the second experi-30000. For the ultrafiltration experiments tracer amounts of 3H-DS were added to Krebs buffer, Krebs buffer containing human albumin in concentrations varying from 0.01 to 40 mg/ml, nephrotic and normal urine, and nephrotic and normal serum. 10 ml of each solution was placed in the sample chamber and subjected to an ultrafiltration pressure of 50-100 mmHg for 30 min, yielding ultrafiltrate volumes which were 15-20% of the initial sample volume. Each experiment was repeated after addition ofnonisotopic DS in amounts equimolar with the albumin in each solution. Whereas 90% ofthe 3H-DS was recovered in the ultrafiltrate of pure Krebs buffer, recovery fell to between 30% and 40% in the albumin-containing Krebs solutions. Similarly, recovery of 3H-DS in ultrafiltrate of normal urine was 86%, but corresponding recovery from nephrotic urine or normal or nephrotic serum, varied from only 30% to 40%. Addition of an excess ofcold DS to each ofthe foregoing solutions restored recovery to -90% (Fig. 3) .
To examine the effects of molecular radius on protein binding, 3H-DS added to Krebs buffer or human serum was separated into four fractions by elution from the Sephadex G75 columns and the ultrafiltration experiments were then repeated on each eluate. The recovery of 3H-DS from eluted fractions in Krebs buffer of varying molecular radius varied from 85% to 100%. In contrast, recovery of each fraction from serum varied with the molecular radius of the 3H-DS in the fraction, declining progressively from 78% for the 1OA radius fraction to only 13% for the 24A fraction (Fig. 4) . That this phenomenon most likely represents size-dependent binding of DS to serum protein was confirmed by restoration of recovery to levels observed with Krebs buffer when an excess ofcold DS was added to each serum sample prior to chromatographic separation (Fig. 4) . Determination ofA for dextran sulfate. In light of our finding that DS is indeed extensively protein-bound we used the stirred-cell ultrafiltration apparatus to prepare -2 ml of ultrafiltrate from 10 ml of plasma (5 ml from each plasma sample bracketing the first urine collection). We calculate the fraction of 3H-DS bound to circulating albumin to account for only < 1% ofobserved specific activity in normal or nephrotic urine, indicating that the extensive binding of 3H-DS to protein in nephrotic urine occurred along the nephron or in the collecting system. We accordingly eluted the ultrafiltrate of plasma along with unfiltered urine containing an excess of cold DS from Sephadex G75 columns to isolate the peak 3H-DS fraction from each fluid. We then determined 0 for this narrow DS fraction using the equation:
(1) where (U/PF)Ds is the specific activity ratio of unfiltered urine- 9 ._ Cvr Ca 0 plasma filtrate; and (U/P)in,,,n is the urine-to-plasma concentration ratio for inulin. Data and statistical analysis. To characterize the size-selective properties of the glomerular filtration barrier, we applied the 0 for uncharged dextrans in the 24-60A radius interval to a heteroporous membrane model that has been described in detail previously (15) . In this model, the major portion of the capillary wall is assumed to be perforated by restrictive, cylindrical pores of identical radius (ro). The model assumes that there exists in addition a parallel shunt pathway that does not discriminate on the basis of dextran size (up to 60A radius), and through which passes a small fraction of the filtrate volume. The shunt pathway is characterized by a parameter, wu, which governs the fraction of the total filtrate volume passing through this nonrestrictive portion of the membrane. In addition to ro and W the membrane barrier to filtration of water and uncharged macromolecules is characterized by an ultrafiltration coefficient (Kf), the product of effective hydraulic permeability and total glomerular capillary surface area (for two kidneys). The approach used for calculating these intrinsic membrane parameters separates their effects on fractional dextran clearance from those of purely hemodynamic changes (15) . An additional value that can be derived from this membrane model (15) , is the clearance of a hypothetical macromolecule that is attributable to the shunt pathway (O.). Because the luminal concentration ofa retained macromolecule will increase with distance along the glomerular capillaries as water is removed by ultrafiltration, O, slightly exceeds the fraction of filtrate volume passing through the shunt pathway. By deriving 0O, and comparing it to the corresponding fractional clearances of albumin and IgG in the nephrotic patients of the parallel study, we have attempted to elucidate whether the magnitude of the urinary losses of these proteins can be attributed solely to the postulated shunts.
The significance ofdifferences between the two groups studied with dextran sulfate was evaluated by a two-tailed unpaired Student's t test. An analysis of variance and Scheffe's test were used to evaluate the significance of differences among nephrotic patients with either minimal change or membranous nephropathy and healthy controls in the parallel study of uncharged dextran sieving. Most group values are expressed as the mean±standard error. The exceptions are group data with a skewed distribution, which are expressed as a median and a range. (Fig. 5) . Only the specific activity of the 2 peak eluted fractions of 3H-DS in plasma ultrafiltrate was sufficiently above background to be accurately determined in every case, varying between 400 and 2,300 cpm. We accordingly used the average value of these two peak fractions (corresponding to a molecular radius of 15A) and the corresponding aligned fractions in urine to calculate the 0 for DS. The 0 for this 15A radius DS molecule averaged 0.68±0.03 in nonproteinuric subjects. For nephrotic subjects by contrast, corresponding 0 for the 15A radius DS was elevated significantly to 0.95±0.05 (P < 0.001) (Table II) .
Uncharged dextran sieving. The measures of renal function in both the nephrotic and nonproteinuric groups in the parallel study were similar to the values listed for the corresponding DS-infused groups and are summarized in Table III nephrotic range proteinuria was accompanied by depression of the GFR, filtration fraction, and oncotic pressure (Table III) . The magnitude ofglomerular injury tended to be greater in the subset with membranous nephropathy than in the subset with minimal change nephropathy, however. The GFR was significantly lower, averaging 54±6 vs. 75±9 ml/min per 1.73m2, respectively (P < 0.05). Judged by higher median values for the fractional clearances of albumin (700 vs. 491 X 10-5, P = NS) and IgG ( 109 vs. 41 X 10-5, P = NS), glomerularpermeability to proteins tended to be more enhanced in membranous than in minimal change nephropathy. A qualitatively similar alteration of the uncharged dextran sieving profile was observed in each category of nephrotic glomerular injury (Fig. 6 ). Compared to control values, the 0 for low radius dextrans (< 50A radius) was depressed, whereas 0 for large nearly impermeant dextrans of > 52A was significantly elevated. In keeping with the higher values for fractional protein clearances in membranous than minimal change nephropathy, the values for 0 over the entire range of molecular radii examined tended to be higher in the former (Fig. 6) . We used the 0 for dextran, measured GFR, renal plasma flow and plasma oncotic pressure and an assumed value for the glomerular transcapillary hydraulic pressure difference (lAP) of 35 mmHg to compute membrane parameters for each member of the two nephrotic categories and the control group (Table   1 (Table IV) . However, judged by an elevation of the median value for w0, which reached fivefold in membranous nephropathy and fourfold in minimal change nephropathy, a considerably larger fraction of filtrate volume permeated the shuntlike pores in each nephrotic subset than in the nonproteinuric control subjects (Table IV) . The foregoing membrane parameters were used to calculate the fractional clearance ofa hypothetical macromolecule attributable to the shuntlike pores (Table IV) . This quantity is denoted by 0O0 and neglects tubule reabsorption. The relationship between the fractional clearance ofeach protein and 00 in individual nephrotic subjects of the parallel study is illustrated in Fig. 7 . Judged by the fractional clearance -to-80 ratio, the value for Q00 is similar to or in excess of the corresponding fractional IgG clearance in almost all instances, suggesting that transmembrane shunting can account for the level ofimmunoglobulinuria in these two nephrotic disorders. In contrast, the fractional albumin clearance exceeded 00O in a substantial fraction (21/47) of the nephrotic subjects, regardless of whether they were suffering from membranous or minimal change nephropathy (Fig. 7) . Recalling that a fraction of filtered albumin is reabsorbed, this finding suggests that the smaller restrictive pores must also be permeable to albumin in at least some nephrotic patients with minimal change or membranous nephropathy.
That enhanced permeability to albumin of restrictive pores could be a consequence of impaired electrostatic retardation is suggested by a comparison of 0 for the 1 5A radius DS with that of 0 for the smallest assayable molecule of uncharged dextran (18-22A in radius) in the parallel study (Fig. 8) . Because all assayable dextran molecules of < 26A were unrestricted by the GCW of the control subjects of the parallel study (Fig. 6) , we infer that 6 for an uncharged dextran of 1 5A radius must also be 1.0. For the nonproteinuric groups, the 6 for DS was significantly lower than the corresponding 6 for uncharged dextran 0.68±0.03 vs. 1.00±0.04, respectively (P < 0.001). For the nephrotic groups by contrast, the respective values of 6 for DS and uncharged dextran were similar, 0.95±0.05 vs. 0.85±0.03, respectively (P = NS). Thus, unlike the healthy GCW, the nephrotic GCW appears not to discriminate between anionic and uncharged dextran molecules of similar radius.
Discussion
Numerous studies using experimental animals have shown that the normal glomerular capillary wall is a charge-selective barrier. In rats and dogs, values of 6 for various anionic macromolecules have been shown to be lower than 6 for neutral macromolecules of similar size and chemical structure (5, (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , which in turn are lower than values of 6 for otherwise similar cationic macromolecules (24-26, 28, 29, 31 ). In other words, transport of negatively charged macromolecules is hindered, and that of positively charged macromolecules is enhanced, relative to uncharged macromolecules. The present results with DS provide the first direct evidence that the glomerular capillary wall in humans normally exhibits charge selectivity similar to that reported for experimental animals.
DS was chosen as the charged probe because, like dextran, it has been shown not to be reabsorbed (5, 23) . Accordingly, its fractional urinary clearance equals its sieving coefficient, or Bowman's space-to-plasma concentration ratio. By contrast, drawing conclusions about glomerular barrier properties from the urinary excretion of albumin is made difficult by the fact that the fractional reabsorption of albumin normally approaches unity (2, 3) , and can be estimated in humans only indirectly (32) . An important disadvantage in the use of DS, not previously recognized, is its tendency to bind to plasma proteins. For the polydisperse preparation used here, only -45% of the DS in serum was not protein bound. In concurrent studies of the same DS preparation, the extent of binding to proteins in rat plasma (48% not bound) was found to be similar (33) . The situation is further complicated by the fact that the percentage bound depends on the molecular radius of the DS, increasing as molecular radius increases. Thus size exclusion chromatography of an ultrafiltrate of plasma and of urine is necessary in order to determine the true sieving coefficient for DS.
The failure to account for protein binding in earlier studies using DS makes the quantitative interpretation ofthose results difficult. However, it must be emphasized that the current findings are qualitatively the same, namely that DS is restricted relative to neutral dextran of similar size. Moreover, similar glomerular selectivity has been demonstrated towards proteins ofsimilar size but varying charge in studies where urinary clearances have been adjusted for reabsorption by measuring accumulation of the test protein in renal tissue. This approach has been employed in rats using neutral, anionic, and cationic forms of horseradish peroxidase (24-26, 28, 29) and anionic and neutral forms of bovine serum albumin (34) .
It has been proposed that the charge selectivity of the glo-' merular capillary can be attributed to an electrostatic potential difference created by fixed negative charges within the capillary wall, as in a Donnan equilibrium ( 16) . In this model the capillary wall is represented as an equivalent homogeneous membrane containing a uniform concentration, Cm, of fixed negative charges. According to this simplified approach, the only property of a test macromolecule which affects its electrostatic interaction with the membrane is its total charge, or effective valence, z. For the 1 SA radius DS, we calculate that z = -11, based on an estimate of the number of sulfate groups and a correction for counterion condensation (see Appendix). Using the values of GFR, renal plasma flow, and oncotic pressure in Table I , an assumed value of AP = 35 mmHg, the effective pore radius in Table IV , and 6 = 0.68, we obtain Cm = 90 meq/liter for healthy humans. Applying the same approach to the recent data for normal Munich Wistar rats (33) , where protein-binding was corrected for, and 6 = 0.46 for r, = 18A, we calculate2 that Cm = 60 meq/liter. The present estimates of Cm from dextran sulfate data are about one-half those reported previously (35) . This is primarily because a different method was used to estimate z for DS, and not because of any large difference between the values of 6 used here and those reported in earlier studies. It is interesting to note that the present estimate of Cm for rats agrees with the value calculated from data reported for neutral and charged species of horseradish peroxidase (35 In addition to furnishing the first direct evidence that the human glomerular capillary wall is normally charge-selective, the present results also provide the first demonstration that this charge-selectivity is impaired in nephrotic humans. For the nephrotic groups studied there was no significant difference between 6 for DS and 6 for uncharged dextran of similar size. Losses ofcharge-selectivity have been demonstrated also in several rat models of glomerular injury, including nephrotoxic serum nephritis (5), puromycin aminonucleoside nephrosis ( 17) , and renal ablation (24, 33) . As already discussed, the loss of charge selectivity in the nephrotic individuals provides an attractive explanation for the fact that the rate of albumin excretion often exceeded what could be accounted for by postulating the emergence oflarge, shuntlike pores (Fig. 7) . In other words, the magnitude of the defect in glomerular size selectivity, as measured by the increased filtration of large, neutral dextrans, was insufficient in many cases to explain the extent to which albuminuria was enhanced. Because albumin is a polyanion, a reduction in the fixed negative charge associated with the small-pore part of the membrane could greatly enhance its filtration. According to the aforementioned electrostatic model, a reduction in Cm from 90 meq/liter to 0 would result in a hundred fold increase in albumin filtration (35) .
Given the results for dextran and DS, the albuminuria observed in minimal change and membranous nephropathy probably reflects a combination of size-selective and charge-selective defects. However, it is not yet possible to calculate the relative importance of the two types of defects. Studies in the rat have shown that, for a given value of molecular radius, dextran passes through the glomerular capillary wall more readily than does another uncharged test macromolecule, Ficoll (6, 36) . Diffusion studies with synthetic membranes suggest that Ficoll behaves like the neutral, spherical molecule envisioned in the theory of hindered transport through pores, whereas transmembrane diffusion of dextran is more rapid than expected from its molecular radius (37, 38) . This facilitation ofdextran transport implies that the use ofdextran data to evaluate membrane pore parameters will tend to overestimate the effective pore size (36) . It is possible that the contribution of the shunt pathway, as reflected by the value of 0O0, is also overestimated by using dextran. Thus, whereas the dextran data in the nephrotic subjects clearly demonstrate that there is a size-selective defect, studies with Ficoll or other more ideal test macromolecules are needed to better establish the precise magnitude ofthat defect. The finding that dextran sulfate binds to plasma proteins makes it clear that future studies would benefit also from the development of a more ideal marker for glomerular charge selectivity.
